The contribution of early cell lineage to regional fate in the mammalian forebrain remains poorly understood. Previous lineage-tracing studies using retroviral methods were only begun at mid-neurogenesis and have suffered from regionspecific retroviral silencing. We have been able to study cell lineage in the telencephalon from the onset of neurogenesis by using ultrasound backscatter microscopy to label the forebrain neuroepithelium and a modified retroviral lineage library to overcome regional silencing. Our studies suggest that by embryonic day 9.5, forebrain clones are primarily restricted to territories within anatomically demarcated regional boundaries, such as the cortex, striatum and hypothalamus. In addition, we observed a subset of clones that appeared to be composed entirely of glia. These observations suggest that both regional and cell-type restrictions exist within progenitor populations before the first forebrain cells become postmitotic.
The contribution of cell lineage to the complex anatomical organization of the telencephalon is unclear. It has been postulated that a lineally based "protomap" (Rakic, 1988) exists before neurogenesis. This hypothesis is supported by the expression of transcription factors in the forebrain neuroepithelium that correlate with mature brain organization (Rubenstein et al., 1994; Shimamura et al., 1995; Puelles et al., 2000) . In addition, experiments have suggested that regional borders restrict cell dispersion across forebrain ventricular (VZ) zones (Fishell et al., 1993) .
Lineage studies have observed widespread clones in the cerebral cortex (Walsh and Cepko, 1988 Reid et al., 1995 Reid et al., , 1997 Cepko, 1996, 1998) . These studies, in contrast to the predictions of the protomap hypothesis, suggest that cell lineage is a poor predictor of final position in the telencephalon. However these studies were initiated at mid-neurogenesis and do not reflect the earliest postmitotic cells. More recently, early ferret lineal analysis (Ware et al., 1999) and chimeric rodent studies (Tan et al., 1993) have revealed the existence of radial clones. Hence, the protomap hypothesis appears to be applicable to some but not all neural lineages within the forebrain.
Two distinct modes of migration appear to be used in the telencephalon: radial (Hatten, 1990 (Hatten, , 1993 (Hatten, , 1999 Rakic, 1990) and tangential (Fishell et al., 1993; O'Rourke et al., 1995) . In addition, it has been suggested that separate lineages use these two modes of migration. Consistent with this idea, recent studies have suggested that most cortical interneurons originate from the ventral regions of the forebrain (Anderson et al., 1997 (Anderson et al., , 1999 . Nevertheless, although the link between region of origin and pattern of migration seems secure, whether lineage restriction is an obligate part of this process remains uncertain at present.
A related question involves the specification of specific cell types in the forebrain. Although some cell types are specific to particular anatomic regions (e.g., pyramidal cortical neurons), others such as interneurons and oligodendrocytes are ubiquitous. A variety of lines of evidence have suggested that cells fated to become projection neurons and interneurons are derived from separate lineages (Parnavelas et al., 1991 (Parnavelas et al., , 1995 Tan and Breen, 1993; Mione et al., 1994 Mione et al., , 1997 . Similarly, circumstantial evidence for the early specification of glial-restricted progenitors has been reported (Levitt et al., 1981; Berman et al., 1997) .
A lineal analysis from the onset of neurogenesis would help clarify the contribution of lineage to cell type and regional fate. Such a study has not been attempted in rodents for technical reasons. We have overcome these difficulties through the development of a modified retroviral lineage library that is resistant to silencing (Gaiano et al., 1999) and by using ultrasound backscatter microscopy (UBM) guidance to make injections at embryonic day 9.5 (E9.5) (Liu et al.,1998; Gaiano et al., 1999) .
We have observed that regional cell identity appears to be restricted early in forebrain histogenesis and that a subpopulation of large glial-specific clones appears to be present by E9.5. Together, our studies suggest that a surprising degree of regional and cell-type specificity exists by the onset of neurogenesis in the telencephalon.
MATERIALS AND METHODS

Cytomegalovirus enhancer-chick ␤-actin promoter plasmid preparation.
The cytomegalovirus (C M V) enhancer-chick ␤-actin promoter (CAP) library is a modified version of the Babe vector, oligonucleotide library, alkaline phosphatase (BOL AP) (C epko et al., 1998). The 1.7 kb EcoRIXhoI fragment from the pCLC plasmid (Gaiano et al., 1999) containing the CAP sequences was blunt-end ligated into the EcoRI site of BOL AP. Three micrograms of the resulting plasmid were digested with AscI and XhoI, and these sites were used to directionally insert 25 ng of the degenerate oligonucleotide pool (5Ј-TAGGAGGCGCGCGCC -TTT[(G or C) (A or T)]GTTACGCGTTAATTAAC TCGAGAT-C TAGC TTC -3Ј). The ligation reaction was purified over a silica-bead column (Qiagen, Valencia, CA) and resuspended in 50 l of 10 mM Tris and 1 mM EDTA. T wenty microliters of ligation product were used to transform Electromax DH10B competent cells (Life Technologies, Grand Island, N Y) according to the manufacturer's instructions. The transformed cells were pooled and then seeded into five 1 l cultures of L uria broth (L B) containing ampicillin and kanamycin. Three milligrams of CAP plasmid were extracted by alkaline lysis and purified using C sC l gradients. Serial dilutions of 1 l of CAP-transformed DH10B cells were grown on L B amp plates. The number of colonies on these plates projected a total number of 1.5 ϫ 10 7 transformants. Control ligated vector arms gave a background of Ͻ1%. A test of the complexity of the library was performed by infecting N IH 3T3 cells in vitro, as described previously for BOL AP (Golden and C epko, 1996; C epko et al., 1998) . Bulk-infected N IH 3T3 cells were cloned by limiting dilution in 96 well tissue-culture plates, and the resultant colonies were fixed with 4% paraformaldehyde and stained for detection of human placental alkaline phosphatase (PL AP) activity, as described below. These cell cultures were washed with PBS and then lysed by mechanical agitation in 10 l 1ϫ PCR buffer (Roche, Hertforshire, UK) containing 400 g /ml proteinase K and 0.02% T ween 20. The lysate was transferred to 96 well PCR plates and covered with mineral oil. The plate was heated to 65°C for 2 hr, 85°C for 20 min, and 95°C for 10 min. T wo rounds of nested PCR were performed as described below, and the 10 l of the PCR product was run on a 2% NuSieve (Rockland, M E) 1% SeaKem GTG agarose gel (Bioproducts, Rockland, M E). Wells that yielded an amplified 123 bp DNA product were later sequenced using an E xo-Pf u C yclist kit (Stratagene, La Jolla, CA) as described below. One hundred PCR products were sequenced; none contained the same sequence.
CA P virus preparation. Pseudotyped CAP virus was prepared as described previously (Gaiano et al., 1999) . Briefly, thirty micrograms of CAP plasmid along with 35 g of pHC M VG plasmid were cotransfected into a 293-derived packaging line (293GP cells; Chiron, San Diego, CA) at 90% confluence on 150 mm tissue-culture plates by calcium phosphate precipitation. Virus-containing supernatant was harvested at 24, 36, and 48 hr after infection. Thirty-six milliliters of the 36 hr supernatant were harvested from three plates transfected in tandem and the supernatants were pooled. This supernatant was titrated using N IH 3T3 cells and was found to contain 352,000 pf u /ml. This pool of virus was used to infect the majority of brains (12 of 17, 70.5%) analyzed in this study. In addition, a pooled ecotropic viral supernatant (titer, 504,000 pf u /ml) produced in the Phoenix-eco line was used to infect the remainder of the brains (5 of 17, 29.4%) analyzed in this study.
Animal surger y and UBM injections. All animals were housed in the Skirball Animal Facility and were maintained in accordance with protocols approved by the Institutional Animal C are and Use Committee at New York University School of Medicine. E9.5 timed-pregnant SwissWebster female mice were obtained from the Skirball Institute transgenic facility. The day of sperm plug identification was defined as E0.5. Animal care, preparation for surgery, and the use of the UBM scanner were done as described previously (Liu et al., 1998) . On E9.5, 2 l of viral supernatant containing 80 g /ml polybrene was injected into the lateral ventricle of each embryo. All embryos from each litter were injected. The accuracy of the injection could be monitored using real-time imaging of the UBM scanner. After surgery, each uterus was placed into the peritoneal cavity and the incision in the body wall was sutured. Animals were allowed to recover from surgery and placed back in the animal colony to allow development to continue normally until E16.5 for migration studies or until postnatal day 21 (P21) for clonal analysis.
Sample preparation, histolog y, and anal ysis of cell clusters. Animals were killed on E16.5 or P21 by an overdose of Nembutal. The heads were severed and the brains were removed from the cranium. Brains were fixed by immersion in 4% paraformaldehyde in PBS at 4°C (E16.5 for 2 hr and P21 overnight). The brains were transferred to 30% sucrose in PBS and stored at 4°C until they sank. They were then mounted in optimal cutting temperature (OC T) compound (Tissue-Tek, Miles Inc., Elkhart, I N) and frozen on dry ice. Brains were stored at Ϫ20°C until they were sectioned at 40 m thickness using a Leica C M 3050 S cryostat (Leica, Nussloch, Germany). Sections were mounted onto Colorfrost Plus slides (Fisher Scientific, Houston, TX) and were allowed to air dry for 20 min. OC T compound was removed by three 5 min washes in PBS. Endogenous alkaline phosphatase activity was heat inactivated by heating the sections in a 65°C PBS bath containing 2 mM MgC l 2 . The sections were then rinsed in alkaline phosphatase detection buffer (100 mM Tris-HC l, pH 9.5, 50 mM MgC l 2 , 100 mM NaC l) for 5 min. The slides were stained in alkaline phosphatase detection buffer containing 1 mg /ml nitroblue tetrazolium and 0.2 mg /ml 5-bromo-4-chloro-3-indolyl-phosphate for 48 hr at room temperature. E xogenous staining solution was removed, and the reaction was halted by washing the sections in PBS containing 20 mM EDTA. Slides were coverslipped using Gelvatol and stored at Ϫ20°C until analysis. Labeled cells were detected and mapped onto camera lucida drawings by light microscopic analysis using a Z eiss Axioplan microscope (Z eiss, Thornwood, N Y) equipped with a camera lucida tube.
Clonal anal ysis using PCR and sequencing. Labeled cells were "picked" from sections as described previously (Walsh and C epko, 1992) . Briefly, coverslips were removed by soaking in a 50 ml tube of sterile distilled water. Small tissue pieces (ϳ100 ϫ 200 ϫ 40 m) containing the nucleus of single infected cells if possible (or several infected cells if necessary) were dissected from the sections using a fresh beaver razor blade for each pick. Tissue fragments were digested in 10 l of 400 g /ml proteinase K solution in 1ϫ PCR buffer in 96 well PCR plates as described above. The reaction was halted and proteinase K was heat inactivated as described above. A nested PCR protocol was used to increase the sensitivity and specificity of amplification using the following oligonucleotide primers: 5, 5Ј-CCA GGGAC T GCA GGT TGT GCC C TG T-3Ј; 6, 5Ј-AGA CAC ACA TTC CAC AGG GTC GGA G-3Ј; 7, 5Ј-GGC TGC C TG CAC CCC AGG AAA GGA G-3Ј; and 8, 5Ј-GGT C TC GGA AGC CC T CAG CCC AGT C -3Ј. The first round of nested PCR was performed by adding 20 l of PCR mix to each well [2 l of 10ϫ PCR buffer with Mg 2ϩ (Roche), 0.15 l of primers 5 and 6 (0.6 mg /ml), 0.15 l of dNTP mix (25 mM) (Roche), 17.4 l of water, and 0.4 l of Taq DNA polymerase (Roche)] and cycling at 93°C for 2.5 min, followed by 33 cycles of 94°C for 45 sec, 67°C for 2 min, 72°C for 2 min, and 72°C for 5 min. One microliter of the reaction product from the first PCR was added to 20 l of PCR mix, substituting primers 7 and 8 for primers 5 and 6. The amplification program for the second round of PCR was 93°C for 2.5 min, followed by 30 cycles of 94°C for 45 sec, 72°C for 2 min, and 72°C for 5 min. Ten microliters of the final PCR were added to 2 l 6ϫ gel-running dye and fractionated on an agarose gel, as described above, alongside a 100 bp ladder marker (Life Technologies). All samples yielding a 123 bp PCR product were sequenced using the E xo-Pf u C yclist sequencing kit according to the manufacturer's instructions (Stratagene).
Subcloning anal ysis on f unnel-shaped clusters. The observation that radial clones were consistently polyclonal prompted us to do an exhaustive lineal analysis of a radially arrayed cluster of 13 virally infected cells in the cortex. We collected 13 samples that together comprised all the cells in this radial cluster. Of these 13, 6 did not amplif y, 3 had unique sequence inserts, and 4 gave laddered sequences, suggesting that they contained multiple inserts and hence cells from multiple lineages. Each of the four apparently polyclonal tissue samples was subcloned to determine the constituent sequences, using the Invitrogen TA cloning kit (Invitrogen, San Diego, CA) according to the manufacturer's instructions. It seemed highly probable that each of these four samples contained no more than four infected cells each, given the number of PL AP-positive labeled cells seen in each tissue sample. If each of these four cells was from independent lineages, we concluded we would have to pick at least 25 colonies from each of the four subcloned samples to have a reasonable probability of obtaining all of the unique constituent sequences. We reasoned that if each of the infected cells was the result of separate infections and no superinfection or silencing was occurring, our analysis had an extremely high probability of exhaustively identif ying all unique infection events in this f unnel-shaped cluster.
RESULTS
E9.5 UBM injections of the CAP library label the earliest postmitotic cells and are resistant to retroviral silencing
Previous retroviral lineage studies in the forebrain have noted pronounced silencing of retroviral vectors in some regions (i.e., the striatum) (Halliday and Cepko, 1992) . In addition, retroviral vectors are known to be silenced in both hematopoietic and embryonic stem cells. Our early in vivo lineage analysis indicated that the majority of cells infected at E9.5 apparently give rise to single-cell clones. This finding was surprising because at the time of infection the entire mouse forebrain neuroepithelium is proliferative and is thought to be dividing symmetrically to give rise to additional progenitor cells (Takahashi et al., 1994; Bhide, 1996; Sheth and Bhide, 1997) . This suggested that the murine leukemia virus (MLV) long terminal repeat (LTR) might be silenced in E9.5 neuroepithelial progenitors. To overcome such silencing, we have previously used mammalian promoters internal to the 5Ј LTR to prevent silencing in stem cell populations (Gaiano et al., 1999) . Hence, to do a regional study of the forebrain over the entire period of neurogenesis, we constructed a library containing a nested 1.7 kb hybrid CMV enhancer-chick ␤-actin promoter (Gaiano et al., 1999) . The resultant CAP library ( Fig. 1 A) is a modified version of the BOLAP murine sequenceable retroviral library .
To demonstrate that the internal promoter did indeed prevent retroviral silencing, we amplified PLAP-negative tissue from E16.5 brains infected with CAP or BOLAP libraries. As shown in Figure 1 B, PLAP-negative tissue selected from CAP-infected brains amplified at a much lower frequency than did PLAPnegative tissue picks from similar regions of BOLAP-infected brains, suggesting that the internal promoter does indeed prevent retroviral silencing. Further supporting the idea that CAPinfected brains were less subject to retroviral silencing, CAPinfected brains harvested embryonically were seen to harbor many more PLAP-positive cells in the VZ and subventricular (SVZ) proliferative zones than comparable BOLAP-infected brains (Fig. 1C) . In addition, brains infected with CAP and harvested 3 weeks postnatally contained numerous PLAPpositive ependymal cells (Fig. 1 D) as well as striatal neurons (Fig.  1 E) , whereas BOLAP-infected brains did not.
UBM-guided injections allowed brains to be infected at E9.5, just after anterior neuropore closure. We were thus able to study the contribution of lineage to regional specification from the onset of neurogenesis. In three brains injected at E9.5 and harvested at E16.5, we were able to label neurons in the marginal zone (MZ) with the morphologic characteristics of Cajal-Retzius (C-R) cells (Fig. 1 F) (Marin-Padilla, 1998) . These cells had long varicose processes arrayed tangentially to the pial surface. C-R cells were never seen in brains harvested postnatally, consistent with the view that this is primarily a transient neuronal population of the pre-plate that does not persist into adulthood. We were able to do sequence analysis on a cluster of 19 cells, 12 of which were C-R cells, situated in the MZ of the posterior cortex. Among these, four C-R cells contained the same 24 bp insert, whereas the other cells contained distinct DNA tags or yielded an unreadable sequence. Because most C-R cells in the mouse are thought to be born between E10.5 and E13.5, a maximum clone size of four to six, based on 5-bromodeoxyuridine-labeling kinetics, would be expected and is consistent with our results (Derer, 1985; Derer and Derer, 1990; Gonzalez et al., 1997) .
Analysis of CAP-labeled forebrains at E16.5 suggests most clones are regionally restricted CAP virus stock that was concentrated by ultracentrifugation and then resuspended at a concentration of 2 ϫ 10 6 pfu/ml was injected into the lateral ventricles of E9.5 embryos. The embryos were allowed to survive until E16.5, to study the migratory dispersion of clonally related cells. At this time point, migration is at its height in the forebrain and the patterns of dispersed cells were readily distinguishable. Several patterns of cell dispersion reported previously were observed in our study and are diagrammed schematically in Figure 2 A,B. Radial migration has been shown to be a predominant mode of migration in the cerebral cortex. Consistent with this notion, we found that radial dispersal of cells was highly prevalent in cortical progenitors labeled at early times in neurogenesis (Fig. 2C,D,F-H ) . Large funnel-shaped clusters of cells were most prominent in the dor- somedial cortex, whereas the numbers of these clusters diminished in more lateral areas of cortex (Austin and Cepko, 1990) (Fig. 2C,D,F-H ) . The level of infection used in the dispersal studies and the relative immaturity of cells at E16.5 often precluded determination of the cell type in the funnel clusters (Fig.  2 D,F,G) . Nevertheless, it appeared that these clusters were composed of both radial glial cells and migrating neuronal progeny (Fig. 2 H) .
In the lateral cortex, cells were found dispersed along the glial pallisade dividing the developing striatum from the lateral cortex, corresponding to a migratory path described by Bayer et al. (1991) as the lateral migratory stream (LMS) (Fig. 2 E,I-K ) . Labeled cells that appeared to originate from the VZ at the corticostriatal sulcus (Fig. 2 I) were dispersed ventrally along these glial fibers (Fig. 2 J) to the piriform (Fig. 2 K) and entorhinal cortex. We observed a third pattern of dispersal, which we have termed the medial migratory stream (MMS). This path of migration has been reported to be used by Lhx2 cells (Anderson et al., 2001 ) and disrupted in Pax6 mutants (small-eye) (Stoykova et al., 2000) . It has been speculated that this may be a significant mode of migration for cells fated to the ventral cortical regions and the amygdala (Stoykova et al., 2000) . In this regard, cells apparently originating from the VZ of the lateral ganglionic eminence (LGE) (Fig. 2 L) could be seen dispersed ventrally through the developing striatum (Fig. 2 M) to the entorhinal cortex and more posteriorly to the developing amygdala (Fig. 2 N) .
The final major pattern of dispersal discernable in the E16.5 mouse brain was along the rostral migratory stream (RMS). These neuroblasts are apparently derived from the anterior striatal SVZ zone (SVZa) (Fig. 2O ) and migrate ventrally and anteriorly to populate the olfactory bulb (Fig. 2 P) . These cells give rise to olfactory interneurons (Fig. 2Q ) and periglomerular cells in the bulb, and this process of neurogenesis and migration continues throughout adult life (Luskin, 1993; Lois and AlvarezBuylla, 1994) . Although numerous lines of evidence suggest that cells disperse tangentially within the telencephalon in a ventralto-dorsal direction (Anderson et al., 1997 (Anderson et al., , 1999 , this path of migration was not evident in our E16.5 analysis. This is likely attributable to the masking effect caused by the other patterns of virally infected dispersing cells at E16.5. Indeed the two large clones described below (clones 25 and 26) are likely the products of this type of migration.
Attempts were made to determine whether the cells labeled in these dispersion patterns were in fact clonally related. Cells representing each of these dispersion patterns were cut out en masse and subjected to PCR amplification and sequencing. Remarkably, in all cases, at this level of viral infection, clusters of cells with distinct patterns of dispersion were found to be polyclonal. This suggests that the spatial location of progenitors at E9.5 dictates which environmental cues their progeny will use to migrate to their final regional positions.
Radially arrayed cells in close proximity were generally not found to be lineally related
The funnel-shaped clusters prevalent in the dorsomedial cortex were noted to be present in brains infected with relatively high titers of virus (Fig. 3A-E) . The clusters at this viral titer were so dense that cell morphology was not always discernible, although neuronal cell somas and neurites were present in every cluster. It was not possible at this viral titer to pick single cells of known morphology. Cells in these clusters were dissected en masse and found to be polyclonal.
To establish the number of distinct clonal lineages that contribute to a given radial cluster, we injected brains with 2 l of an unconcentrated retroviral supernatant. Even at this low titer, radially oriented cells with neuronal morphology (Fig. 3F ) were seen to span the width of the cortex over several sections. We performed an exhaustive lineal analysis on one such group of 13 Figure 2 . Patterns of cell dispersion in the embryonic forebrain infected with retrovirus at E9.5. Patterns of cell dispersion observed in E9.5 infected brains at E16.5 are diagrammed schematically in coronal ( A) and sagittal ( B) sections. In the dorsal and medial cortex, cells are distributed predominantly in a radial orientation (A, C, D, F-H ). Cells from the proliferative zone at the corticostriatal sulcus ( C-S) apparently migrate in the LMS, along the glial palisade separating the developing striatum from the lateral cortex (A, E, I, J ). Individual radial glia in this palisade diverge and terminate in the lateral and piriform cortex ( K). Cells apparently produced in the ventral proliferative zone of the LGE (A, E, L) disperse ventrally through the developing striatum ( M ) into the entorhinal cortex ( N) and in more caudal sections to the amygdala in the MMS. Cells enter the RMS from the SVZa (B, O) and were found through the subventricular zone ventrally and anteriorly to the olfactory bulb (P, Q). All photomicrographs show coronal sections, with the exception of P, which shows a sagittal section.
cell somas (Fig. 3G-I ). To our surprise, four of the seven cells that yielded an amplified PCR product produced a ladder on sequence analysis, indicating a polyclone (Fig. 3J ) . To determine the clonal complexity of the cluster, we subcloned the four polyclonal amplifying sequences using TA subcloning. Statistically, if each sample contained no more than four infected cells, by picking 25 colonies from each of the four groups of subcloned sequences we would have a very high probability of obtaining all of the available sequences from the subcloning. Figure 3K shows the sequencing results obtained from this experiment. PCR R6, which gave a single sequence on initial sequencing, was used as a control. All 25 colonies picked from PCR R6 yielded the identical sequence obtained initially [compare Fig 3, J (R6) and K (R6)]. PCRs R1 and R4 each gave two unique sequencing products, whereas PCRs R2 and R7 gave three sequence products each, one that was in common with each other and reaction R5. This indicates that at least 11 E9.5 progenitors gave rise to this single radial array of 13 cells in the dorsal cortex. Despite arising from almost entirely separate lineages, these cells use the same environmental cues to migrate in a tight radial cluster.
Regional identity of clonally related cells appears to be restricted early in neurogenesis
To further analyze the contribution of lineage to regional restrictions, we infected E9.5 mouse forebrains with 2 l of CAP library supernatant at 325,000 pfu/ml. Embryos were allowed to develop until the third postnatal week, and PLAP-positive virally infected cells were then analyzed by PCR and sequence analysis to determine their lineal relationships. At this viral titer, ϳ50% of injected brains had PLAP-positive cells. PLAP-positive cells were usually found in one or two tight clusters per brain, which rarely crossed anatomic regional boundaries. Thirty-two multicellular clones from 24 hemispheres were analyzed for this study. Of these, 11 clusters (34.4%) were neuronal clones, 15 clusters (46.9%) were glial clones, and 6 clusters (18.8%) were mixed neuronal-glial clones. The clone size ranged from 2 to 53 members (with an average of 10.3 cells/clone). Neuronal clones were on average smaller than glial or mixed clones (neuronal average, 4.3 cells/clone; glial average, 10.6 cells/clone; mixed average, 22.4 cells/clone).
The most extensive spread of cells was found in the cerebral cortex. Two large mixed neuronal-glial clones, clone 25 and clone 26 (Fig. 4) , were found to extend for great distances (3.6 and 5.4 mm, respectively) along the anteroposterior (A-P) axis of the cortex. Most of the neurons of these clones shared the same or adjacent laminar distribution (lamina 2/4) but were distributed widely in the in the dorsomedial and lateral cortex all along the A-P axis. Reid et al. (1995 Reid et al. ( , 1997 have previously reported similar widely distributed cortical neuronal clones in both the rat and ferret. They have postulated that these clones may derive from a progenitor cell, which migrates tangentially within the cortical ventricular zone, and have found a striking pattern of periodicity to the clones analyzed. It is also possible that these clones are composed of the tangentially migrating populations of dlx 1/2-positive interneuron progenitors, which migrate dorsally from the A-E show funnel-shaped clusters of infected neurons. These clusters of cells, when analyzed by PCR and sequencing, were always found to be polyclonal in origin. Radial columns of labeled neurons ( F) that extend the width of the cortical plate were also observed in brains infected with low-titer viral supernatants. A column of 13 such neurons (within 120 m of each other along the A-P axis) was analyzed by PCR and sequencing and found to contain multiple DNA tags. This indicated that the cells in this radial column were derived from at least 11 E9.5 progenitors (J, K ).
ventral ganglionic eminences. The 2/4 laminar distribution and lateral-to-medial distribution would be consistent with such an interpretation. Conversely, our data suggest that interneurons and pyramidal cells may not be derived from entirely separate lineages by E9.5. For instance, clone 19 contains cells with morphologies that are consistent with the sibling cells being either pyramidal and nonpyramidal neurons. Nevertheless, the relatively low frequency at which we observe such clonal heterogeneity suggests that this may be more the exception than the rule.
Twenty-eight of 32 (87.1%) clones analyzed were found throughout all anatomic regions within the forebrain but were tightly clustered and regionally restricted. Cells within these clones generally remained within 40 -240 m of each other along the A-P axis. Increased clone size correlated with increased dispersion of the clone along the A-P axis.
Only four of the 32 clones analyzed in this study, clones 1, 9, 24, and 26, were seen to cross anatomically defined regional boundaries (Figs. 4 and 5E, J ) . Two of these clones crossed dorsoventral (D-V) boundaries but remained rather tightly clustered in the A-P direction. Clone 1 (Fig. 5A-E) was a mixed neuronal-glial clone containing five members that spanned the septal-preoptic area boundary. Clone 24 (Fig. 5G-J ) was a nine member neuronal clone that spanned the striatal-entorhinal cortical anatomic boundary. The distribution of this clone followed the MMS migration pathway (see above) and may represent sibling cells that migrated within this pathway. Clones 9 (Fig. 5E) and 26 (Fig.  4) were a four cell neuronal clone and a 46 member mixed clone, respectively, that crossed the cortical-striatal boundary. These clones had a wider distribution along the A-P axis (360 and 5400 m), and the dorsoventral extent of these clones was also larger than the other two crossing clones.
Large glial-restricted clones arise from progenitors in the E9.5 forebrain
Six of the 32 (18.8%) clones analyzed were picked from hemispheres in which all labeled cells had glial morphologies, suggesting that a population of glial progenitors might already be specified at the time of injection (E9.5) (Fig. 6) . Ten other glial-only clones were localized in hemispheres that also contained cells with neuronal morphologies. Because not every cell picked was successfully amplified and analyzed, we cannot be certain that these glial clones represent progeny from a glial-specified progenitor or mixed clones. Notably however, the six glial-specific clones differed from the majority of glial clones in both their size and distribution. These clones were larger on average (21.5 cells/clone vs 4.1 cells/clone) and had a larger distributional area in both the A-P and D-V axes. Nevertheless, even these glial clones remained restricted to a given anatomic region.
In summary, both dispersion and clonal lineage analysis of infected E9.5 forebrain progenitors suggest that regional specification is primarily restricted by the inception of neurogenesis in the forebrain. In addition, the observation of large glial-only clones derived from progenitors infected at E9.5 suggests that the forebrain neuroepithelium contains a heterogeneous set of progenitors from the onset of neurogenesis.
DISCUSSION
Three conclusions can be drawn from the present in vivo lineage analysis: (1) Patterns of migration strongly correlate with a progenitor's position of origin. (2) The regional identity of forebrain progenitors appears to be restricted early in neurogenesis. (3) A significant population of glially restricted clones appears to arise from E9.5 neural progenitors.
Patterns of migration
Radial and tangential migrations of neural progeny represent the two distinct modes of cellular dispersion in the forebrain (Rakic, 1977; Easter et al., 1985) . Rakic (1988) postulated that the forebrain was intrinsically programmed to follow a protomap of development imposed in the VZ. This hypothesis was based on radial migration being the prevalent mode of cell dispersion used in early development. Our data, particularly in dorsomedial regions of the pallium, support this notion. Importantly, recent studies suggest that significant tangential migration also occurs within the telencephalon. Consistent with these studies, we observed populations of cells that apparently undergo tangential dispersion. The fact that radially and tangentially migrating cells ultimately migrate in close proximity suggests that these distinct populations must have a cell-autonomous way of distinguishing or interpreting specific guidance cues (O'Leary and Koester, 1993). Chimeric analysis suggests that this mode of migration is imprinted through cell lineage (Tan et al., 1998) . Our data support this possibility by suggesting that mode of migration is best predicted by the region within the telencephalon from which a clone originates. This finding suggests that it is the local milieu surrounding progenitors that determines the pattern of dispersion of their progeny.
Most E9.5 progenitors are regionally restricted
Despite mounting evidence of widespread migration in the forebrain, the majority of the clones identified in this study (87.5%) were found to be regionally restricted. Recent work has shown that prosomere-restricted expression of a large number transcription factors is central in establishing both the anatomical divisions of the forebrain (Rubenstein et al., 1994 (Rubenstein et al., , 1998 Shimamura et al., 1995 Shimamura et al., , 1997 Rubenstein, 2000) and the generation of specific cell types (Anderson et al., 1997 (Anderson et al., , 1999 Marin et al., 2000) .
Nevertheless, direct evidence that prosomeric boundaries act to restrict the dispersion of polyclones has been lacking. Indeed, recent evidence of large-scale tangential migrations of cells that transit across regional boundaries apparently belies the possibility that such regional restriction of progenitors could exist.
How then can the present data be reconciled with the mounting evidence for tangential migration across regional boundaries? One possibility comes from keeping in mind that our lineal analysis is retrospective. Our analysis is blind to whether a given clone originated within a given domain or later migrated into it. Perhaps all cells that migrate across regional boundaries are derived from lineally related cells that are programmed to migrate similarly. For instance, interneuronal cells derived from ventral progenitors may uniformly migrate dorsally into the cortex. Indeed, the distribution of the two largest clones seen in this study (clones 25 and 26) (Fig. 4) is consistent with this idea. In Figure 5 . Most clones infected at E9.5 were found to be confined to discrete anatomical territories when analyzed at P21. The locations of two sets of 12 E9.5 infected forebrain clones are represented schematically on coronal sections taken through the P21 mouse forebrain at ϳ720 m intervals (E, J ). Each clone is designated by a different color, and each cell type is designated by a different geometric shape (square, neuron; filled circle, astrocyte; open circle, oligodendrocyte). In 21 of the 24 clones (87.5%), all cells were found to be restricted to an anatomically distinct region of the forebrain. Clones 7 and 19 are representative of this class of regionally restricted clones. Clone 7 is a nine member neuronal clone found in the hypothalamus ( A-D) . Clone 19, a three member clone, is also anatomically restricted but is mixed in cell type, being composed of a neuron, an astrocyte, and an oligodendrocyte ( F). Three clones (clones 1, 9, and 24) contain sibling cells that cross anatomic regional boundaries. Clone 1 is a five member mixed neuronal-astrocytic clone that crosses the boundary between the septum and preoptic area. Clone 9 is a four member neuronal clone that crosses the cortical-striatal boundary. Clone 24 ( G-I) is a nine member neuronal clone that crosses the border between the striatum and the entorhinal cortex. addition, work from Lavdas et al. (1999) has shown that Lhx6-positive cells appear to originate in the medial ganglionic eminence (MGE) but ultimately migrate to the cortex. Direct evidence for this idea has come from recent work by Wichterle et al. (2001) , who used homotopic transplantation as a means of fate mapping MGE progenitors. In these experiments, virtually all MGE cells were found to end up in the cortex. Indeed, studies of interneurons (Anderson et al., 1997 (Anderson et al., , 1999 Tamamaki et al., 1997; Marin et al., 2000; Wichterle et al., 2001 ) and oligodendrocytes (Spassky et al., 1998 (Spassky et al., , 2000 Miller et al., 1999; Nery et al., 2001) suggest that directed migration may be widely used within the telencephalon.
Why would evolution select progenitors to be made in one anatomical location when they are ultimately fated to contribute to a distant location? It has been proposed by a number of groups, including our own , that the cues that determine regional fates may also be used to specify specific cell types. For instance, genetic evidence suggests that genes such as Shh ) and the Dlx family of transcription factors (Anderson et al., 1997 (Anderson et al., , 1999 Corbin et al., 2000) are required for the production of oligodendrocytes and interneurons, respectively. Although the role of these genes in establishing regional character obliges them to be restricted to ventral regions, their requirement for the induction of specific cell types is resolved through tangential migration.
One could imagine however that a common lineage could give rise to both the interneuron populations that migrate dorsally and those that remain in ventral regions. Our failure to find a significant number of clones that span regional boundaries argues that these populations are derived from distinct lineages. Together, this suggests that there may be a surprising level of progenitor heterogeneity within the germinal zones of the E9.5 telencephalon. Consistent with the existence of such heterogeneity, we found evidence of glial-restricted clones within the E9.5 forebrain.
Early glial specification
Birthdating studies and immunochemical studies have suggested that glial specification occurs subsequent to neuronal specification. Previous studies looking at glial markers have suggested that glial progenitors can be detected in the VZ and intermediate zone of the macaque brain (Levitt et al., 1981; Berman et al., 1997) early in neurogenesis. In addition, in vitro studies have shown that an E10 population of mouse cortical progenitors gives rise to glial clones, albeit at very low frequencies (Qian et al., 1998 (Qian et al., , 2000 . Together, these findings suggest that some glial progenitors are specified early in neurogenesis.
We found that ϳ10% of our clones contained only glia, which is considerably higher than the 1% of glial-restricted clones seen in vitro. The discrepancy between these results likely reflects the difference between normal cell fate and progenitor potential. Hence, although extrinsic cues in the in vivo ventricular zone may act to constrain progenitor fate, the same progenitors when removed from this milieu show a broader potential in vitro.
Although the molecular nature of glial specification in mammals is presently unclear, lateral (i.e., Notch-Delta) signaling has been suggested recently to play a role in glial specification. We have found that the infection of E9.5 progenitors expressing an activated form of Notch promotes the formation of radial glia embryonically and results in astrocytic phenotypes postnatally. Similarly, Furukawa et al. (2000) and Morrison et al. (2000) have demonstrated that Notch signaling promotes the formation of Müller glia and Schwann cells, respectively. Given that the loss of cell contact (an obligate part of the culturing of progenitors in vitro) results by definition in a disruption in lateral signaling, this perhaps may underlie the difference between the in vivo and in vitro findings.
It is curious that most of our glial-restricted clones were found in ventral telencephalic regions (all but one). An alternative possibility that we cannot rule out is that glial-restricted clones primarily arise in ventral telencephalic regions, accounting for the low frequency observed in the study by Qian et al. (2000) , which was restricted to analysis of cortical progenitors.
E9.5 clone size
Chimeric analysis (Tan et al., 1998) has suggested that the average clone size in the E9.5 forebrain is significantly larger than we Figure 6 . The E9.5 mouse forebrain contains a significant number of glial-specific clones. Six of 32 clones (18.8%) analyzed from E9.5 infected forebrains gave rise to glial-only clones at P21 ( G). Each clone is designated by a different color, and each glial cell type is designated by a different geometric shape ( filled circle, astrocyte; open circle, oligodendrocyte). Two of these clones were composed solely of astrocytes (A, B), two were mixed astrocytic-oligodendrocytic clones (D, E), and two were composed entirely of oligodendrocytes (E, F ). All glial clones were found to be regionally restricted and on average had larger numbers of members (21.5 vs 4.1) and a wider cortical distribution (2400 vs 360 m).
observed. Whereas our median clone size was ϳ30 cells, these investigators estimated an average clone in the hundreds. Ostensibly, the major cause for our small clone size is that our estimates only represent the members of a clone that we successfully amplified and sequenced (ϳ40% of the cells expressing the PLAP reporter). To this we had to add cells that poorly expressed the reporter or underwent cell death. Finally, proviral insertion only occurs in one of the two daughter cells, resulting in our lineages being 50% smaller than they would be otherwise. Together, it comes as little surprise that our clonal estimates are far smaller than those suggested by Tan et al. (1998) . Then there is the question of clonality in the study by Tan et al. (1998) , which by definition cannot rule out that their putative clone size is not inflated by clustering errors resulting from the limited dispersion of polyclones. It seems likely that true median clone size in the E9.5 telencephalon falls somewhere between these estimates.
In summary, our findings revealed a number of unexpected aspects concerning the dispersion and fate restrictions seen in E9.5 progenitors. We found that infected neural progeny in close proximity and with similar patterns of migration often were derived from separate lineages. Nevertheless, a progenitor's position of origin proved to be highly predictive of the dispersal patterns of its resultant progeny. Most striking was our observation that the progeny of E9.5 progenitors appear to be primarily restricted to single regional territories in the mature brain, and that a subpopulation of progenitors are already restricted to producing only glial progeny by this age. Together, our data argue that extrinsic regional cues combine with and perhaps initiate intrinsic lineal restrictions in the developing forebrain.
